Abstract Analysis of signal transduction and protein phosphorylation is fundamental to understanding physiological and pathological cell behavior and identifying novel therapeutic targets. Despite the fact that the use of physiological three-dimensional cell culture assays is increasing, 3D proteomics and phosphoproteomics remain challenging due to difficulties with easy, robust and reproducible sample preparation. Here, we present an easy-to-perform, reliable and time-efficient method for the production of 3D cell lysates that does not compromise cell adhesion before cell lysis. The samples can be used for western blotting as well as phosphoproteome array technology. This technique will be of interest for researchers working in all fields of biology and drug development.
BACKGROUND
The use of three-dimensional (3D) cell culture systems has greatly broadened the spectrum of molecular methods and also contributed to narrowing the gap between in vitro and in vivo research. Since the development of techniques like the spheroid model or the laminin-rich extracellular matrix (lrECM)-based cell cultures, several studies have shown that the results generated using these 3D assays have higher similarity with in vivo data than conventional 2D cell culture assays [1] [2] [3] [4] [5] [6] [7] . Especially in regard to signal transduction, the molecular processes in 2D and 3D cultured cells seem to differ significantly [4, 5, 8, 9] . This could be due to multiple reasons such as altered cell-cell or cell-matrix interactions or differences in cellular morphology influencing cellular epigenetics [1, 4, 5, [10] [11] [12] .
Given that site-specific phosphorylation/dephosphorylation of proteins determines protein functionality and thus signal transduction, it is not very surprising that the phosphoproteome is under intense investigation [13] . With the invention of phosphoproteome arrays, it is now possible to efficiently analyze phosphorylation on a large scale even with limited sample volume [14] . Several studies already included results in 3D cell cultures [5, 7, 8, 15] . However, to reduce the effects that matrix proteins or fetal bovine serum can have on array performance, some protocols include steps to dissolve the extracellular matrix or to detach cells with trypsin or accutase prior to cell lysis [8] . Importantly, this disruption of molecular connections, i.e. cell-matrix and cell-cell, may severely compromise the results.
Here we present a relatively rapid, easy and reliable method to produce 3D laminin-rich extracellular matrix (lrECM) grown cell culture lysates for phosphoproteomic analysis without cell detachment from ECM. To estimate cellular protein concentrations, detection and densitometry of housekeeping proteins like β-Actin are employed. The phosphoproteomic data have been confirmed by western blot analysis. Therefore, this new technique could be a useful tool to examine the molecular mechanisms under more physiological growth conditions.
Recipes
9 Cell culture medium: Add FBS up to 10% or 20%, according to the American Type Culture Collection (ATCC) recommendation for each specific cell line, and store at 4°C for up to 1 month. 9 Agarose, 1%: Prepare 1% Agarose by weighing in 1 g Agarose type I-A and addition of double-distilled water up to 100 ml. Autoclave the solution at 121°C for 15 min, cool down and store at room temperature for up to 4 months. 
1.3.
Prepare an lrECM solution with a final concentration of 0.5 mg/ml using cell culture medium (with FBS).
1.4.
Resuspend the cell pellet with lrECM solution and pipette 1 ml per well in the agarose-coated 24-well plate.
1.5.
After 2 h-incubation at 37°C, 7% CO 2 , carefully add 200 µl of cell culture medium (with FBS) to each well.
(When cells are cultured less than 3 days, this step is optional).
HINTS:
Cell number is cell line-and incubation time-dependent and may range from 1 × 10 5 to 1 × 10 6 cells per well.
Treatment of 3D lrECM cell cultures
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2.1. For treatment of cells with inhibitors/chemotherapeutics carefully add the desired amount of drug in the upper medium layer. Take the volume of the lrECM-cell layer and media (1.2 ml per well) into account. For controls, treat corresponding numbers of wells with lrECM-cell layers with the same amount of solvent. 3.4. Incubate the plate on ice for 30 min. Transfer cell lysate to a 1.5 ml ice-cold reaction tube.
3.5. Pass the cell lysate through an insulin syringe with a 27 gauge needle 5 times, while on ice, to ensure complete cell lysis.
3.6. Incubate for an additional 30 min on ice. Centrifuge lysate for 20 min at 16,000 × g and 4°C.
3.7. Transfer supernatant to a new 1.5 ml reaction tube and proceed with western blotting or phosphoproteome analysis.
HINTS:
The cell layer should be completely covered to allow cell lysis. Cell lysates should be kept on ice at all times. Make sure, that the complete lysate is passed 5 times through the needle to accomplish complete cell lysis. 
ANTICIPATED RESULTS
Protein expression and phosphorylation of cells cultured in a 3D matrix have been shown to better reflect results obtained in vivo compared with cells grown under 2D monolayer cell culture conditions [5, 6, 9, 16, 17] .
While phosphoproteome and proteome array techniques have been customized for the widely used 2D cell culture plastic growth conditions, we established these techniques for total protein lysates harvested from 3D lrECM cell cultures to make broader examination of signal transduction feasible ( Fig. 1 and Fig. 2) .
In contrast to most other techniques, cells are here lysed in 3D without detaching the cells from the surrounding ECM prior to adding cell lysis buffer. Because FBS and lrECM cannot be completely removed from the cell lysates, Ponceau S protein staining of the nitrocellulose membrane might show a pronounced band at approximately 50-70 kDa (Fig. 2B) . This contamination with non-cellular proteins also interferes with bicinchoninic acid assay (BCA assay) to measure cellular protein concentration. Therefore, we used western blotting and subsequent analysis of β-Actin expression to calculate cellular protein concentration (Fig. 2C) . Concentrations of 3D cell lysates might be lower than concentrations of 2D cell lysates due to the dilution with remaining lrECM and cell culture medium. Detection of proteins in the range of 40-60 kDa might run 5-10 kDa lower due to lrECM rests. In our hands, all tested antibodies for proteins with a molecular weight in this range worked perfectly. To rule out any false results, the detection of particular proteins within this kDa range requires individual attention by the experimenter. Detachment of cells has a critical and immediate effect on protein phosphorylation even when phosphatase inhibitors are used during the procedure (Fig. 3A) . One advantage of the described method is the preservation of cell-ECM interactions and consequently protein phosphorylation patterns for reliable investigation of signal transduction in 3D cultured cells. As shown in Figure 3B , cell morphology is expected to be different between 2D and 3D cultured cells (Fig. 3B) . While 2D cells are flat and spread out, 3D grown cells are round and show a similar cell shape as cells in vivo [5, 11] . This distinct morphology is connected to differences in cytoskeletal and nuclear organization that have been shown to impact on cellular mechanisms and hereby affect protein phosphorylation [4, 10, 11, [18] [19] [20] [21] [22] .
Reliable analysis of the cellular proteome and phosphoproteome after treatment with pharmacological compounds requires the unrestricted diffusion of drugs in the 3D matrix. To address this issue, we used fluorochrome-labeled Cetuximab as an example for an inhibitory antibody (Fig. 3C) . As shown in Figure 3C , Cetuximab was bound to the cell membrane 30 min after treatment indicating a sufficient drug penetration through the 3D matrix.
Next, we investigated the role of ECM-and growth condition-dependent signal transduction pathways more closely. Therefore, we compared protein expression and phosphorylation in 2D vs. 3D grown human FaDu cells using different buffer conditions and a high-throughput method (Fig. 4) . After phosphoproteome array hybridization and analysis (Fig.  4A) , changes in protein phosphorylation were calculated by normalization to total protein expression (Fig. 4B) . Among 580 proteins in total, only 15.2% of proteins showed similar changes in phosphorylation in 2D and 3D cultures. Importantly, we have observed great similarity in protein phosphorylation patterns in 3D lrECM cancer cell cultures and their corresponding tumor xenografts in nude mice in contrast to 2D monolayer cell cultures [5] . In Figure 4C and D, modified RIPA and Full Moon protein extraction buffers were compared for their usefulness and reproducibility in 3D lrECM and 2D cell cultures. Exemplarily, proteins without alteration in phosphorylation pattern as well as proteins with increased or reduced phosphorylation are exhibited and matched with phosphoproteome array data ( Fig. 4C and D ). This comparative analysis shows growth factor receptor signaling to be more activated in 3D than 2D cultures ( Fig. 4C and D) [5, 6, 23] , which is in line with our previously published data in animal models [5] . In summary, this robust method can easily be used to analyze the 
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proteome and phosphoproteome of cells embedded in a 3D cell culture system more accurately by fast, in situ harvesting of whole cell lysates than via methods that disturb cell-ECM and cell-cell contact prior to cell lysis.
TROUBLESHOOTING
Tips for troubleshooting can be found in Table 1 . • Make sure to add the medium very carefully and slowly • Avoid touching the lrECM-cell layer and aspirate the medium very slowly • Avoid evaluating collapsed wells; make sure to transport and handle plate very carefully 3.2 Cells are not growing in 3D
• Plate was agitated too often and/or kept on room temperature for too long • Cell number plated was too low • Cells used for plating were too confluent
• Make sure to transport and handle plate very carefully; don't remove the plate from the incubator for more than 5 min (except the steps necessary for the experiment and described above) • Assess the required cell number of a cell line by plating different amounts of cells in a pilot experiment • Make sure to use cells at a density between 70-80% in the logarithmic growth phase
